Introduction Many studies suggest the importance of the sagittal sacropelvic balance and morphology in spinal and hip disorders. This study describes the normal age-and sex-related changes in sacropelvic morphology and balance in a prospective cohort of asymptomatic adults without spinal disorder. Materials and methods A prospective cohort of 709 asymptomatic adults without spinal pathology was recruited. There were 354 males and 355 females aged 37.9 ± 14.7 and 35.7 ± 13.9 years, respectively. For each subjects, pelvic incidence (PI), pelvic tilt (PT), and sacral slope (SS) were measured from standing lateral radiographs. Ratios of SS to PI (SS/PI), PT to PI (PT/PI), and PT to SS (PT/SS) were also calculated. Results There was no significant difference in PI (pelvic incidence), SS (sacral slope), PT (pelvic tilt), PT/PI, SS/PI, or PT/SS between males and females. The mean ± 2 standard deviations (SD) range was 32°-74°, 0°-27°, and 24°-55°for PI, PT and SS, respectively. The mean ± 2 SD range was greater than 0.5 for SS/PI and less than 0.5 for PT/PI. PI was not related to age in either sex group. PT, SS, PT/PI, SS/PI, and PT/SS presented only weak correlation coefficients (r B 0.21) with respect to age. Conclusion The current study presents the largest cohort of asymptomatic adults in the literature dedicated to the evaluation of sagittal sacropelvic morphology and balance. The range of values corresponding to the mean ± 2 SD can provide invaluable information to clinicians about the normal range of values expected in 95% of the normal population.
Introduction
Because of its close relationship with the spine, many studies have investigated the influence of sacropelvic balance and morphology in the evaluation and treatment of spinal disorders, such as developmental spondylolisthesis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , degenerative spondylolisthesis [13, 14] , adolescent idiopathic scoliosis [15] [16] [17] , and adult spinal deformity [18] [19] [20] . Some authors have also raised the role of sacropelvic morphology and balance in the pathogenesis and surgical treatment of hip osteoarthritis [21] [22] [23] [24] . As a basis for comparison, it is therefore important to document the sacropelvic balance and morphology in the normal population. So far, normal values of sacropelvic parameters have been published for pediatric [25] , adult [26] [27] [28] [29] [30] , and elderly subjects [31] .
Boulay et al. [26] and Janssen et al. [28] did not find any significant difference in sacral slope (SS), pelvic tilt (PT), or pelvic incidence (PI) when comparing asymptomatic adult females with males. On the contrary, Vialle et al. [30] found statistically significant differences in SS and PI--but not PT--between 110 females and 190 males. However, the mean differences (3°or less) were marginal when considering the potential measurement errors. They also observed a weak statistical relationship between age and PI (r = 0.14), which is not likely to be clinically significant. The SS and PT were not related to age. Hammerberg and Wood [31] evaluated 50 asymptomatic subjects aged 70-85 years, and did not find any relationship between increasing age and sacropelvic parameters of balance and morphology, but they suggest that the mean PT and PI in their study were higher than those observed previously in younger adult populations.
As there is still some debate concerning the relationships between sacropelvic parameters and sex or age after the end of growth, the current study specifically describes the age-and sex-related changes in sacropelvic morphology and balance in 709 asymptomatic adults without spinal pathology that represent the largest cohort in the literature related to the evaluation of sagittal sacropelvic parameters.
Methods
A prospective cohort of 709 asymptomatic adults without spinal pathology was recruited from January 1st 2000 to December 31st 2008. The study has been approved by the Institutional Review Board of each participating institution. Volunteers were eligible to participate in the study based on the following inclusion criteria: (1) age of 18 years or older, (2) absence of spinal pathology confirmed after evaluation by an orthopedic surgeon, (3) no history of spine, hip, or pelvic disorder, and (4) no contraindication for radiographic exposure (e.g., pregnancy, tumor). All participants were white Caucasians with a mean age of 36.8 ± 14.3 years (range: 18-81). There were 354 males and 355 females aged 37.9 ± 14.7 years (range: 18-81) and 35.7 ± 13.9 years (range: 18-76), respectively.
The radiographic protocol was standardized for all participating institutions. For each subject, a standing left lateral radiograph including the spine and pelvis was obtained with a long 36-in cassette placed at 72-in from the X-ray tube. Subjects were instructed to stand in a comfortable position with the hips and knees fully extended. For the two main institutions located in France, hands were positioned on a support, while in North American centers the fist-onclavicle position was adopted. Plain films were scanned using a VXR8 film scanner (View-Tec, France) in jpg format at 75 dpi when the radiographs were not acquired in digital format. Parameters of sacropelvic balance and morphology ( Fig. 1) were then measured by a single observer with the Optispine software (Optispine, France), that has been presented in detail in previous studies of sagittal spinal alignment [32, 33] . The pelvic incidence (PI) was measured in order to assess sacropelvic morphology. It is defined as the angle subtended by the line drawn from the hip axis (center of the line connecting the center of each femoral heads) to the midpoint of the upper sacral endplate and the line perpendicular to the upper sacral endplate. The sacropelvic balance was assessed from the pelvic tilt (PT) and the sacral slope (SS). The PT is defined as the angle subtended by the vertical line and the line drawn from the hip axis to the midpoint of the upper sacral endplate, while the SS is defined as the angle subtended by the horizontal line and the upper sacral endplate. In order to evaluate the relationships between parameters of sacropelvic balance and morphology, the ratios of SS to PI (SS/PI), PT to PI (PT/PI), and PT to SS (PT/SS) were also calculated.
The data was analyzed using the SPSS 14.0 software (SPSS Inc., Chicago, IL, USA). Descriptive statistics (mean and standard deviation) were provided for all subjects, as well as separately for males and females. In addition, the range of values comprising 95% of the asymptomatic population was estimated from the mean ± 2 SD (standard deviations). The Lilliefors test, which is an adaptation of the Kolmogorov-Smirnov test, was used to assess if the measured sacropelvic parameters (PI, PT and SS) were normally distributed in the female and male cohorts. Comparisons between males and females were performed using bilateral independent Student's t tests. The relationships between all parameters and with age were assessed using Pearson's coefficients. In accordance with suggestions from Cohen [34] , statistically significant correlation coefficients were considered clinically large if [0.5, moderate if [0.3, and small if[0.1. Two different levels of significance (0.01 and 0.05) were used for the statistical analyses.
Results
The values of PI, PT, and SS are normally distributed in both female and male cohorts. Descriptive statistics for all parameters and comparisons based on sex are presented in Table 1 . In particular, Table 1 shows the value ranges that are expected in 95% of the asymptomatic population. There is no significant difference in PI, SS, or PT between males and females, as the mean values varied by\0.5°. PT shows the smallest standard deviation of the three measured parameters, and the results suggest that it is normally positive. The calculated ratios (PT/PI, SS/PI, PT/SS) are not influenced by sex. Of the three ratios, SS/PI seems to be the most stable with the smallest standard deviation and it is normally[0.5, indicating that the SS value is normally at least half of the PI. As for PT/PI, the results show that it is normally positive but \0.5.
Results from the correlation analysis are presented in Tables 2 and 3 . PI is not related to age in either sex group. On the opposite, PT and SS present small correlation coefficients with respect to age, indicating a tendency for PT and SS to increase and decrease with age, respectively. Similarly, PT/PI and SS/PI tend to increase and decrease with age, respectively. Finally, PT/SS tend to increase with age, again reflecting the tendency of PT to increase and SS to decrease with age. Based on the criteria of Cohen [34] , all statistically significant correlations with age are small clinically.
The relationships between PI, PT, and SS are similar between males and females. The statistically significant correlations between PI and PT, as well as between PI and SS are clinically large, based on the criteria proposed by Cohen [34] .
Discussion
The current study presents the largest cohort of asymptomatic adults without spinal pathology in the literature dedicated to the evaluation of sagittal sacropelvic morphology and balance. The reported results constitute a strong database that can be used as a comparison for subjects with spinal or hip pathologies, as many clinicians now recognized that assessment of sacropelvic balance and morphology is important in the evaluation and treatment of various spinal and hip disorders. In particular, the range of values provided in Table 1 corresponding to the mean ± 2 SD provides invaluable information to clinicians about the normal range of values expected in 95% of the normal population. In normal adults, PI, PT, and SS are expected to fall between 32°and 74°, between 0°and 27°, and between 24°and 55°, respectively. In addition, PT/PI should be less to 0.5 and SS/PI [0.5. Values outside those ranges could potentially predispose to the development of spinal pathology.
In children and adolescents, PI, PT, and SS are similar between boys and girls [25] . Also, sagittal sacropelvic morphology as measured by the PI tends to change slightly during growth and results in a proportionally slight increase in PT in the presence of a stable SS. In adults, previous reports [26, 28, 30, 31] including smaller cohorts have provided conflicting results concerning the sex-and age-related changes in PI, PT, and SS. However, in accordance with those previous reports, the current study confirms that the influence of age and sex on sagittal sacropelvic morphology and orientation is at most modest (Tables 1, 2, 3 ). More specifically, PI, PT, and SS are similar between adult males and females. Regarding the ratios between the parameters (PT/PI, SS/PI, PT/SS), the values are not dependent on sex, suggesting that the underlying mechanisms used to control sacropelvic balance (PT and SS) are similar between normal adult males and females.
However, it has to be underlined that previous anthropometric studies [35] [36] [37] [38] [39] have shown that there are sex differences in the human pelvis. In the current study, only two parameters of sacropelvic balance and one parameter of sacropelvic morphology are measured from the lateral radiographs. The authors have preferred to limit their analysis to those parameters that are most commonly used by clinicians when evaluating the sagittal sacropelvic balance and morphology in the presence of spinal pathology. It is possible that the measurement of additional parameters could have provided statistically significant differences between males and females, especially for those parameters that could potentially be related to female adaptations for childbearing and delivery. It would also be interesting to assess if PI could be related to dystocia, as it remains unknown if the overall size of the pelvis is related to the PI. Also of particular significance is the range of values for PT/PI and SS/PI ( Table 1 ), indicating that normally the PT is less than half the value of PI, while the SS is more than half the value of PI. These two specific features of a normal sagittal posture are very important to assess because they can help to detect early compensation from the pelvisincreasing pelvic retroversion with sacral verticalizationin the context of spinal pathology, such as that often found in spondylolisthesis [1, 4] or global sagittal spinal imbalance [18] .
With increasing age during adulthood, PI remained stable, as opposed to pediatric subjects [25] . This suggests that, not only does the growth of the pelvis in the sagittal plane between the femoral heads and the upper sacral endplate ceases during adulthood, but also that normal degenerative changes to the hips, sacrum and sacro-iliac joints do not significantly influence the PI. On the opposite, PT and SS, respectively, increased and decreased slightly with aging, indicating an increased retroversion of the pelvis presumably to compensate for degenerative processes (bone and soft tissues) occurring in the spine that tend to decrease the lumbar lordosis and induce a positive spinal balance (forward displacement of the spine) with increasing age, as observed in previous studies [31, 40] . However, changes in PT and SS with age are minor in normal individuals, and therefore an important increase in PT and/or decrease in SS should alert the clinician about the possible presence of underlying spine pathology.
The small increase in PT/PI and PT/SS, as well as the small decrease in SS/PI with advancing age are in agreement with the behavior of PT and SS. Of note, the magnitude of the correlation coefficient is equal but of opposite sign for PT/PI and SS/PI because PT and SS are inversely related due to the mathematical relationship between PT, SS, and PI (PI = PT ? SS). In other words, for a given PI, when PT increases SS decreases proportionally and vice versa. This mathematical relationship is very important because it implies that PI depends on both PT and SS. Conversely, it would be impossible and incorrect to attempt predicting PT and/or SS based on PI alone, despite the strong relationships found between PI and PT as well as between PI and SS.
There are two main limitations related to the current study. The first limitation refers to the cross-sectional nature of the study for assessing the influence of age on sacropelvic parameters. A longitudinal study on asymptomatic adults would be preferable and follow-up evaluation of the present cohort is considered. The second limitation is related to the radiographic acquisition. Although we attempted to standardize the radiographic protocol, the exact technique differed between participating centers. In particular, the position of the arms varied in some centers. While most subjects adopted a position with flexed shoulder and hand supports, which is recommended by the recent literature [41], a minority of the subjects were positioned in the fist-on-clavicle position. In addition to the fact that most of the subjects adopted the same arm position, two additional factors tend to minimize the errors associated with the radiographic acquisition. First, only angular parameters (as opposed to distances) were measured in this study, thereby reducing the magnificationrelated errors. Second, sacropelvic parameters are less likely than spinal parameters to be influenced by the arm position which are distant from the pelvis.
Conclusion
The current study presents the largest cohort of asymptomatic adults without spinal pathology in the literature dedicated to the evaluation of sagittal sacropelvic morphology and balance. The range of values of PI, PT, and SS corresponding to the mean ± 2 SD can provide invaluable information to clinicians about the normal range of values expected in 95% of the normal population. In addition, the presence of PT/PI [0.5 and SS/PI \0.5 could help to identify patients potentially predisposed to developing spinal pathology. PI, PT, and SS were similar between males and females in this study, although it would be interesting to assess whether other sacropelvic parameters are influenced by gender. PI was not related to age, while the correlations between parameters of sacropelvic balance (PT, SS, PT/PI, SS/PI) and age were small.
